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Abstract 
 A theoretical model  is presented  for the phonon  limited mobility of the Dirac-Fermion gas in a three-dimensional 
(3D) Dirac semimetal Cd3As2 considering scattering from both the acoustic and the optical phonons. Screening effects are 
taken into account and it is found that they lead to a significant enhancement of the mobility.  Simple analytical equations and 
power laws are obtained in both the Bloch-Gruneisen and  equipartition regimes. The dependence of mobility on the 
temperature T and the electron density ne is investigated. It is found that optical phonon limited mobility 
 
µop dominates over 
the acoustic phonon limited mobility µap in the higher temperature region. There is a crossover  of µap and µop and  the 
crossover temperature Tc  shifts to higher  value with increasing ne.  Our  calculations of the mobility are in   good agreement 
with the recent experimental data.  Comparison is also made with the results in the conventional 3D electron gas in a 
degenerate semiconductor. 
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I. INTRODUCTION  
In recent years, there has been  a great surge in the 
study of three-dimensional (3D) Dirac semimetal (3DDS) 
cadmium arsenide Cd3As2 [1-22], the 3D analogue of 
graphene. Due to the linear band structure of 3D Dirac-
Fermions 3DDS Cd3As2 exhibits many unusual transport 
phenomena such as strong quantum oscillations  [7, 13], 
ultrahigh mobility [10,11,13] and giant magnetoresistance 
[9,10,11, 14]. In order to find the potential applications of 
3DDS Cd3As2 in high speed devices, it is essential to have a 
good understanding of its electronic transport properties, in 
particular of its mobility. One of the most fascinating 
features of 3DDS Cd3As2  is the observed ultra-high 
mobility, which is   attributed to the  suppressed  back 
scattering of high velocity 3D Dirac-Fermions. Secondly, 
the  carrier  density ne is  ultra-large and it is in the range of 
~10
17
 -  10
20
 cm
-3
 [5,12,23-25]. The reported low 
temperature (~5 K) high mobility ~ 9x10
6
 cm
2
/V-s [5, 
6,10,13] and up to 4.60x10
7
 cm
2
/V-s  [13], resulting from 
the suppression of backscattering, are higher than  the 
mobility  in suspended graphene  and the  highest mobility 
of any bulk semiconductor.  
From the Hall and resistivity data in Ref. [9], the  
transport mobility is estimated to be μ = 8x104 cm 2/V-s for 
the sample with ne =1.8 × 10
18
 cm
−3
. At higher temperatures 
the onset of phonon scattering  is predicted [9].  Zhao et al. 
[13] have observed decreasing resistivity ρ, almost linearly, 
when T decreases from 300 K to about 6 K. Then, for T < 6 
K it  tends to saturate at a quite low value of about 11.6 nΩ-
cm.  The observed linear behavior is inferred to be due to 
the umklapp processes and the electron scattering by optical 
phonons. From the measured ρ of about 11.6 nΩ-cm at 6 K, 
the mobility μ (= 1/ ne e ρ) is predicted to be   9.18x10
7
 
cm
2
/V-s for ne=5.86x10
18
 cm
-3 
[13].  In Refs. [10, 13], the 
values of residual resistivity of the samples  appear to be 
negligibly small down to ~5 K. 
In a 3DDS Cd3As2 sample of Cao et al. [12], the 
temperature dependence of the longitudinal resistivity ρxx, at 
zero magnetic field, gives ρxx ~T (i.e. μ ~ T 
-1
), which is a 
typical metallic behavior, due to its semimetal band 
structure. They have also studied the temperature 
dependence of mobility. It is found that μ increases to the 
value of 1.9x10
5
 cm
2
/ V-s at 2.6 K, due to the  reduced 
phonon scattering at very low temperatures. Further, the 
residual resistivity and the corresponding Hall mobility are 
20 μΩ- cm and 1.9x105 cm2/ V-s, respectively.   The carrier 
density of their sample exhibits a small change with 
temperature and reaches a relatively low value of 
ne=1.57x10
18
 cm
-3
 at 300 K. Most of their other Cd3As2 
samples have  high electron  mobility in the range of 1-5 
x10
4
 cm
2
/ V-s at room temperature.  Pariari et al. [23] have 
also observed, for a Cd3As2 sample  with ne ~ 6.8 × 10
18
 cm 
-3
, 
 
a weak  metallic behavior dρ/dT > 0 over the entire 
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temperature range from 350 to 2 K with an estimated 
mobility μ ~1.3 × 104 cm2/ V- s (ρ ~ 70.612µΩ-cm) at 2 K.  
Recently, metallic behavior has been also observed over a 
wide temperature range of 50-500 K with residual resistivity 
of ~ 0.5 μΩ-m below 50 K [21].  
High quality 3DDS Cd3As2 microbelts [26] and 
nanobelts [27], with the room temperature electron mobility 
~ 2x10
4
 cm
2
/V-s, have been fabricated paving the way for 
exciting electronic applications. In nanobelt, the Hall 
mobility μH follows the typical relation μH ~ T 
-γ
 with γ = 0.5 
for 20 K < T < 200 K [27]. This decrease of μH with rise in T 
is ascribed to the enhanced electron-phonon scattering. 
There are other experimental evidences showing the 
importance of electron-phonon interaction. For example, the 
hot electron cooling of photoexcited carriers, mediated by 
phonons, has been investigated in 3DDS Cd3As2 by pump-
probe measurements [17, 28, 29]. It is found to be 
dominated by electron coupling with acoustic phonons and 
relatively  low energy optical phonons.  
From the above experimental observations of transport 
properties, we notice that the metallic behavior is common 
in all the 3DDS Cd3As2 samples at relatively high 
temperature and sometimes down to ~5 K. The source of 
such behavior is mainly the  electron scattering by phonons. 
Since the mobility μ of the carriers governs the speed of the 
electronic devices, the understanding of the electron-phonon 
interaction in Cd3As2 is of fundamental importance for 
designing devices such as high mobility transistors. The 
electron-phonon (el-ph) interactions limit the intrinsic 
mobility and other   transport properties  at relatively higher 
temperatures.  
 There exist theoretical studies of some of the 
transport properties involving electron-acoustic phonon (el-
ap) interaction in 3DDS Cd3As2 such as   momentum 
relaxation time [30], hot electron cooling [31, 32], phonon-
drag thermopower  [33] and Cerenkov emission [34]. In 
addition, the steady state hot electron cooling power P due 
to the  polar optical phonon (el-op) scattering has been 
investigated [35]. In the study of momentum relaxation  
time [30], scattering due to acoustic phonon coupling is 
briefly addressed.  The P calculations show the dominance 
of the scattering by optical phonons for T > ~25 K [35]. 
However, there are no studies so far of the electron 
momentum relaxation and mobility due to scattering by 
optical phonons in 3DDS Cd3As2, which is expected to 
govern the transport at higher temperatures. 
 In the present work we theoretically study the 
phonon limited electron mobility in 3DDS Cd3As2 
considering electron scattering by acoustic (ap) and optical 
(op) phonons.  We follow the Boltzmann transport equation 
technique in the relaxation time approximation. The 
mobility is calculated as a function of temperature and 
electron density with and without the screening of electron-
phonon coupling. Simple expressions are obtained for 
mobility in both the Bloch-Gruneisen and equipartition 
regimes. The calculated results are compared with the 
experiment.  
II. THEORY OF PHONON LIMITED MOBILITY 
A. Dirac-Fermions in three-dimensional Dirac semimetal 
 We consider 3D Dirac-Fermions in a 3DDS with a 
large Fermi energy  Ef in the conduction band so that the 
charge carriers are electrons. In a 3DDS,  the electron 
energy  dispersion is linear Ek=ћvf k and the density of states 
is D(Ek) =  gEk
2
/[2π2(ћvf)
3
],  where  vf is the Fermi velocity, 
k is the 3D wave vector, and g = gsgv with gs  (gv) being the 
spin (valley) degeneracy of the electron. We assume, at this 
stage, that the electronic dispersion is isotropic [30,31], 
although it is found to be anisotropic by some authors 
[2,5,10]. In 3D Dirac semimetal Cd3As2, the electron 
density is generally high (~10
17
-10
19
 cm
-3
) and Ef   is 
sufficiently  large (~ 75- 350  meV). Consequently, 
electrons  with Ek ≈ Ef  will contribute to the  transport 
properties, as in metals.  Since, in Cd3As2 the  optical 
phonon energy is about 25  meV [17], which is much 
smaller than the Ef, we assume the scattering by optical 
phonons  to be quasi-elastic.  Hence, we obtain phonon 
(both acoustic and optical) limited electron mobility using 
the semi-classical Boltzmann transport equation solved in 
the relaxation time approximation. Interestingly, it leads to 
simple expressions for the ap and op limited mobility. 
 The energy dependent momentum   relaxation time 
for the scattering due to phonons is shown to be [30, 36-38]  
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where vk = (1/ħ)(dEk/dk)= vf k/│k│is the group velocity of 
the electron in the state k, E is the electric field and W(k, k′) 
is the transition probability for electron scattering  by 
phonons from state  k to k′. Substituting for vk and vkʹ,   [1-  
(vk′•E)/(vk•E)] gives [1- (cos θkʹ /cos θk) ], where θk and θkʹ 
are, respectively, the angles of k and k′ with the  electric 
field.  This  is the same as for the elastic/quasi-elastic 
scattering.  Interestingly, in 3DDS, [1-  (vk′•E)/(vk•E)] is 
independent of the magnitudes of kʹ and k. We may express 
cos θkʹ = cos θk  cos θ + sin θk  sin θ cos β, where θ  is the 
angle between k and kʹ, and β is the angle between the 
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planes containing k and kʹ,  and k and E. In Eq.(1), none of 
the terms other than cos θkʹ contains β. Taking k as polar 
axis, integration with respect to β from 0 to 2π, appearing in 
d
3
kʹ= kʹ2dkʹsin θ dθ dβ, gives zero value for the second term 
in cos θkʹ [37]. Thus, we get  
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The transition probability for the  electron scattering by 
phonons of energy ћωq and wave vector q  is given by  
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where │C(q)│2 is the electron-phonon matrix element, ε(q) 
is the screening function, Nq = [exp(ћωq/kBT) -1]
-1
 is the 
phonon distribution function  and θ(x) is the step function. 
After substituting W(k,kʹ) in Eq.(2), the momentum 
relaxation time is given by 
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The summation over q is carried out by applying the  
Kronecker delta-functions. Using the dispersion relation,  
integration over kʹ is expressed in terms of Ek′.  Then, 
integration gives  
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where ε(q)= [1+(qTF/q)
2
] is the screening function and qTF 
=[4πe2D(Ef)/εs]
1/2
 is the Thomas –Fermi wave vector which 
is assumed to be independent of temperature for T < Tf  (the 
Fermi temperature) [30]. 
1. Relaxation time  due to acoustic phonons 
Electrons are assumed to interact with longitudinal 
acoustic phonons via deformation potential coupling. The 
corresponding matrix element is  
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where D is the acoustic deformation potential coupling 
constant, ρm is the mass density of the material and vs is the 
acoustic phonon velocity. 
In the  quasi-elastic approximation,  q=2ksin(θ/2), 
which gives  cos θ= [1-2(q/2k)2 ] and sin θdθ = qdq/k2.  
Substituting for │C(q)│2 in Eq. (5), we obtain  
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Then, for  ћωq << Ef,  using the following relations ,  
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we obtain 
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This equation is  valid for all the temperatures in the quasi-
elastic approximation. Introducing a dimensionless  variable 
y = (ћωq/kBT),  with the upper limit of integration  ym  
=(2ћvsk /kBT), we get  
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where  ε2(y) = [1+ {qTF/(ћvs/kBT)}
2
 /y
2
] 
2
,  and N(y)=(e
y
-1)
-1
. 
For the unscreened el-ap interaction ε(y) =1. Since  ne is 
very  large in 3DDS  Cd3As2,   k and  Ek will be taken at 
Fermi energy. In the very low temperature regime and in the 
equipartition regime, we get simple expressions for the 
acoustic phonon relaxation time. 
 In the Bloch-Gruneisen (BG) regime, i.e. for T<< 
TBG (=2ћvskf/kB), the BG temperature,  q →0, and ћωq ≈ kBT. 
Hence,  in Eq. (9a), we set  k = kf,,  Ek=Ef  and  ε
2
(q)≈(qTF/q)
4
 
= [{qTF/(ћvs/kBT)}
2
 /y
2
]
2
.  As T→0, the  upper limit ym = ymf 
= (2ћvskf /kBT) →∞. Then, in the BG regime the momentum  
relaxation time is given by   
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The integration gives an expression for the relaxation time 
due to the screened el-ap coupling
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where ζ(n) is the Riemann zeta function. For the unscreened 
el-ap coupling, setting  ε(y) =1, we obtain [39] 
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We find   the power laws ηap-BG (Ef) ~ Ef 
6
 
 
( i.e ne
2
)  and T 
-9
 
for the screened case, whereas   ηap-BG (Ef) ~ Ef
2 
( i.e ne
2/3
 ) 
and T 
-5
 for the  unscreened case.  
In the equipartition (EP) regime (i.e. for T > ~ 20 
K),  ћωq << kBT  and Nq+1≈ Nq =(kBT/ћωq) [38,40,41]. 
Then, setting N(y)[N(y)+1]= y 
– 2
, we get 
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For the unscreened el-ap interaction, the above equation 
gives a simple analytical result  
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We notice that, in the EP regime, ηap-EP (Ek) ~ Ek 
- 2
 and T 
-1
 
for the unscreened el-ap interaction.  
2.  Relaxation time  due to polar optical phonons 
The electrons in 3DDS are assumed to interact with 
the polar optical phonons via Frohlich  coupling, with the 
matrix element  
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where Co=  (2πe
2ћωoε′)/V,  ћωq=ћωo is the optical phonon  
energy,  ε′ = (ε∞
-1
 – εs
-1
), and ε∞ (εs) is the  high frequency 
(static) dielectric constant. Using the above matrix element 
in Eq.(5),  in the process of integration, q
2
 in the 
denominator and in the screening function is replaced by q+
2
 
and q-
2
, respectively, in the phonon absorption and emission 
terms.  The expressions for q+ and q- are obtained using the 
momentum and energy conservations in the scattering 
process and are  given by 
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After integrating with respect to Ekʹ, the relaxation time due 
to the polar optical phonons is given by 
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Substituting the values of q+  and q-, for  Ek >>ћωo, we get 
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Making the same approximations as in Eqs.  (8a-c), we get 
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For the unscreened el-op interaction, ε2(q±) =1. For the 
electron density under consideration,    x  = (Ef -ћωo) >1, 
and θ(x)=1. Then,  
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Substituting for Co, we obtain 
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Interestingly, for the unscreened el-op coupling, ηop (Ek) is 
independent of the electron energy,  i.e. ηop (Ek) = ηop   and 
its temperature dependence comes through (ћωo/kBT)x 
Nq(Nq+1). 
3. Phonon limited mobility in 3DDS  
The phonon limited electrical conductivity ζ  and 
mobility μ are obtained using [36] 
ζ = e2K0 and  µ = ζ/ne e,                                 (19) 
where, for the  3DDS,  K0 is shown to be  
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with i= ap and op. Then, the acoustic phonon  limited 
mobility µap can be  obtained,  using Eq. (9) in Eq.(19),  by 
numerical integration. The µap thus obtained is applicable in 
the entire temperature range of interest with and without 
5 
 
screening.  In  the evaluation of the mobility, [ -∂f0(Ek)/ ∂ 
Ek] is replaced by δ(Ek-Ef). In the BG and EP regimes, 
simple analytical expressions for µap are obtained. 
 In the BG regime, mobility is  given by  
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Thus, T and ne dependence in BG regime  are given by the 
power laws μap-BG ~T 
-9
 (T 
-5
) and ne
5/3
 (ne
1/3
) for the screened 
(unscreened) el-ap coupling. 
In the EP regime, the mobility due to the 
unscreened el-ap coupling  is found to be   
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In the  EP regime, the power laws are  μap-EP ~ T 
-1
 and ne
-1
. 
The mobility   due to the el-op  scattering, with 
screening,  can be  obtained by using Eq.(17) in Eq.(19) .  
For the unscreened el-op scattering, a simple analytical 
result  is given by  
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For  (ћωo/kB) = θ >>T, μop ~ (T/θ) e
θ/T
, and for θ << T,   μop ~  
θ /T.  Moreover, in the EP regime, μop ~ ne
-1/3
. 
 The resultant  phonon limited mobility is obtained 
by using  the  Matthiessen’s  rule  μph =  (μap
-1  
+  μop
-1
 )
-1
. 
 
B. Highly degenerate three-dimensional electron gas  in 
semiconductor 
For comparison, we give expressions for the 
mobility  due to the acoustic and optical phonons for three-
dimensional electron gas (3DEG) in  a highly degenerate 
semiconductor (i.e. with  large Fermi energy). The electron 
energy dispersion is assumed to be parabolic Ek=(ћk)
2
/2m   
(with m being the effective mass of the electron) and the 
density of states is D(Ek)= (g/√2π)(m/ћ)
3/2
Ek
1/2
.  Again, we 
make use of the fact that, in these semiconductors, Fermi 
energy (Ef=100- 470 meV for ne= 10
18
 -10
19
 cm
-3
)  is much 
larger than the acoustic and optical phonon energy, and the 
scattering is  assumed to be quasi-elastic. Then, the  
mobility in 3DEG  is also obtained in the momentum  
relaxation time approximation.  
An expression for  ηap in 3DEG is given by                   
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where  the screening function, for 3DEG, in the Thomas-
Fermi approximation,  is ε(q)= [1+(qTF/q)
2
] with  qTF of 
3DEG [37,40]. 
 An expression for ηop in 3DEG  is found  to be  
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The mobility, in highly degenerate 3DEG,  is 
obtained, again, using Eq.(19).  In order to evaluate 
mobility,  K0 for 3DEG is  given by  
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Due to the large electron density, [-∂f0(Ek)/ ∂ Ek] is replaced 
by δ(Ek-Ef), as in 3DDS.  
 In the  BG regime, µap-BG  is found to be  
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Hence, we find the power laws μap-BG ~ T
 -9
 (T
 -5
) and μap-BG 
~ ne
5/3
(ne) for the screened (unscreened) el-ap  coupling in 
3DEG. 
 A simple analytical result is obtained for μap-EP in 
the EP regime for the  unscreened el-ap interaction. It is 
given by  
.
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In 3DEG, we find μap-EP ~ T 
-1
and ne
-1/3
.   
 The mobility due to the polar optical phonons, for 
the unscreened el-op interaction,   is given by an analytical 
equation  
,
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which shows the same T dependence as in 3DDS. Also, 
we find μop ~ ne
1/3
. 
 
III.  RESULTS AND DISCUSSION  
We present here the numerical calculations of the 
phonon limited   mobility  in 3DDS Cd3As2 as a function of 
temperature T (1-300 K) and electron density ne (~ 10
17
 – 
6 
 
10
19
 cm
-3
). The material parameters used are: vf = 1x10
8
 
cm/s, ρm= 7.0 gm/cm
3
, vs= 2.3x10
5
 cm/s, ε∞ = 12, εs =36, g = 
4 and D = 20 eV, unless otherwise mentioned [42]. In the 
present calculation, we use a typical value for the  optical  
phonon energy of  25 meV [17, 43]. Throughout the 
discussion n0 =1x10
18
 cm
-3
 is used. For the mobility 
calculations  of 3DEG in Cd3As2 semiconductor,  m = 0.036 
m0 and g =2  [42] are used. 
A. Phonon limited mobility dependence on temperature 
and electron density 
The acoustic phonon limited mobility μap, optical 
phonon limited mobility μop and the resultant phonon 
limited mobility μph are shown as a function of temperature, 
respectively, in Figs. 1(a-c) for ne = 0.5,1.0 and 3.0 n0.  
These are shown with and without the screening.  
In Fig.1a,  we choose the temperature range 1-50 K 
in  which  μap is dominant/ more significant. Screening is 
found to enhance μap. In the temperature region  T  > ~10 
K), the effect of screening is about  20% for all ne. As  T 
decreases (for T <  ~10 K), the effect of screening increases 
and it is different for different ne. For example,  at T= 1 K, 
screening enhances  μap by  33%, 40% and 64%, 
respectively, for ne = 0.5,1.0 and 3.0 n0.The μap, with and 
without screening,  decreases with increasing T. In the 
temperature range 5-300 K, the decrease of screened μap for 
all the curves, as obtained by curve fitting,  is given by  μap 
~ T 
-1
. This is the same as in the unscreened case. It 
indicates that the screening does not affect the T 
dependence. Also, μap ~  T 
-1
 behavior  is not affected by ne.  
In the low temperature region (T < ~ 5 K), μap decreases  
rapidly with increasing  T.  Because of the additional 
temperature dependence coming from the  screening 
function, in this temperature region (q ~ T), μap with 
(without) screening decreases more (less) rapidly with 
increasing temperature. Finally, as T → 0, the decrease is 
expected to follow the BG power law μap-BG ~ T
 -9
 (T 
-5
) for 
the screened (unscreened) el-ap interaction. The μap is found 
to be smaller for larger ne for T > ~1-2 K. 
In Fig 1b,  μop is shown as a function of T  in the 
range T = 20-300 K, where μop is significant/dominant. 
Screening is found to enhance μop by about 45%. It is the 
same over the entire temperature range of  20-300 K and for 
all ne, indicating that the screening does not affect the T and 
ne dependence of μop. The unscreened μop  is found to  
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FIG. 1. Phonon limited mobility as a function of temperature for 
different electron density. Solid (dashed) curves are for screened 
(unscreened) electron-phonon interaction. (a) Mobility due to  
acoustic phonons µap,  (b) mobility due to optical phonons µop and 
(c) resultant mobility due to acoustic and optical phonons µph.. 
 
decrease with increasing T and it is expected to vary as  
(T/θ)[Nq(Nq +1)]
-1
.  Therefore, the decrease of μop is more 
rapid at lower T and less rapid at higher T. It is  found  that  
the variation of both screened and unscreened μop can be 
given by μop ~ T
 –γ
, where γ = 2.1 for T=50-300 K. However, 
inclusion of still lower T region will increase γ. For 
example, γ = 2.37 (3.7) for the range 40-300 (20-300) K.  
For T << θ,  the unscreened μop ~(T/θ) e
θ/T
. 
The resultant phonon limited mobility μph also 
decreases with increasing temperature (Fig. 1c). In the low T  
region, the temperature dependence is mainly governed by 
the acoustic phonons.  In the higher temperature region, it is 
largely  governed by optical phonons. In the temperature 
range 10-300 K,  the μph variation can be  given by μph ~ T 
–γ
 
with γ = 1.9, 1.75 and 1.55, respectively, for ne = 0.5,1.0 and 
3.0 no. This ne dependence of γ may be attributed to 
different dominance and ne dependence of μap and μop, which 
we will see in the following. Screening is found to enhance 
the μph and   this enhancement is  smaller at lower T and 
larger at higher  T. 
 In Figs. 2(a-c), the screened  μap and μop, along with 
μph are shown as a function of T  (10- 300 K) for ne= 0.5, 1 
and 3 n0, respectively. Because of its  stronger temperature 
dependence  μop  decreases more rapidly than μap does in the 
temperature range considered. Moreover, μop dominates  μap 
at higher T and a crossover is observed. The crossover 
temperature  Tc shifts to higher values as ne increases. For 
instance,  for screened (unscreened) el-ph coupling, Tc=  50 
(48) K, 57 (55) K and 77(70) K, respectively, for ne = 0.5, 1
 
 
and 3 n0.  For a given ne, for screened interaction, Tc is 
slightly larger than that for the  unscreened case, which may 
be attributed to the larger enhancement of  μop as compared 
to the enhancement of μap. Moreover, Tc also shifts  to 
higher  value for larger D, if it is varied, because  μap ~ D
-2
. 
Similar shift in the crossover temperature is found in 
electron cooling in 3DDS [35]. The total phonon limited 
mobility μph is decreasing with increasing T, in qualitative 
agreement with the observed behavior and magnitude 
[7,12,23]. We have carried out  calculations for some 
experimental samples and  a quantitative comparison with  
the experimental results is made  later in this section. 
 The temperature dependence of the phonon limited 
mobility in 3DDS and in highly degenerate 3DEG is found  
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FIG. 2. Phonon limited mobility as a function of temperature due 
to the screened electron-phonon interactions for different electron 
density.  (a) ne= 0.5 n0, (b) ne= 1.0 n0 and (c) ne= 3.0 n0. 
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to be the  same, in both BG and EP regimes. This may be 
attributed to the  3D nature of the phonons. But,  in 3DEG 
the crossover temperature Tc, for the same ne, is higher than  
that in 3DDS. This  is because of   different ne dependence 
in 3DDS and 3DEG.  Moreover, for a given ne, μph in 3DDS 
is greater than that in 3DEG by about four times. 
The electron density dependence of the screened 
μap,  μop and μph  for  ne = 0.5-10 n0 is shown 
 
in Figs. 3(a-c) 
for T= 50,100 and 150 K, respectively.  We see that, for the 
temperatures chosen here (EP regime), µap decreases as ne 
increases, more rapidly than  μop does. At all the three 
temperatures,  we find μap ~ ne 
-1
 and μop ~ ne 
-1/3
.   There is a 
cross over of   μap and μop.  The cross over electron density 
nec shifts to higher value with increasing temperature. For 
example, for T= 50, 100 and 150 K, nec= 0.5 (0.7), 6.0 (7.5) 
and 9.5 (13) n0,  respectively,  for the screened (unscreened) 
el-ap coupling. It is to be noted that the crossover  value of 
nec  and the  dominancy are expected to change  when D is 
varied. Moreover, we observe that μph also decreases with 
increasing ne, more rapidly at lower T. This may be 
attributed to the dominance of μap, which has stronger ne 
-1 
dependence as compared to the   ne
-1/3 
dependence of μop. 
The μap ~ ne 
-1
,
 
found above, agrees exactly with the 
prediction in the  EP regime for the unscreened case. The 
μph curve gives ne
-β
 dependence with β = 0.82. 0.57 and 
0.52, respectively, for T=50,100 and 150 K. This  T 
dependence of  β  is  due to the decreasing significance of 
μap as T increases.  Interestingly, in the BG regime, μap-BG 
increases with increasing ne and it follows the  power law 
μap-BG ~ ne
5/3 
(ne
1/3
) with (without) screening.  
 In 3DEG, in the BG regime, μap-BG ~ ne
5/3
 (ne) with 
(without) screening as compared to the  μap-BG ~ ne
5/3
 (ne
1/3
) 
in 3DDS. The power law, with screening,  μap-BG ~ ne
5/3
 in  
both  3DDS and 3DEG is a  surprising result, although the 
density of states are different. In 3DEG, in the EP regime, 
for screened and unscreened el-ap coupling, the power laws 
are μap-EP ~ ne
-1/3
 and μop ~ ne
1/3
, as compared to the μap-EP ~ 
ne
-1
 and μop ~ ne
-1/3
 in 3DDS. Consequently, in 3DEG we 
find that, at a given T,  in the  EP regime the μph weakly 
depends on ne. The difference in the ne dependence of 
mobility in 3DDS and 3DEG may be attributed to the  
different ne dependence of the density of states. This 
difference in the ne dependence of the phonon limited 
mobility may be exploited  to identify the  Dirac phase of 
Cd3As2 from  the experimental measurements. Secondly, it 
can be used to  know the  significance of the screening. The 
T and ne dependence of the screened and unscreened  μap and 
μop in 3DDS and 3DEG, for both the BG and EP regimes, 
are given in Table I.  
1 10
10
4
10
5
10
6
 
 

(
cm
2
/V
-s
)
n
e
(n
0
)
 ap
 op
 ps
T= 50 K
(a)
 
1 10
10
4
10
5
10
6
 
 

(
cm
2
/V
-s
)
n
e 
(n
0
)
 ap
 op
 ph
T=100 K
(b)
 
1 10
10
4
10
5
10
6
 
 

(
cm
2
/V
-s
)
n
e
(n
0
)
 ap
 op
 ph
T=150 K(c)
FIG. 3. Phonon limited mobility as a function of electron density 
due to the   screened electron-phonon interaction at different 
temperature.  (a) T=50 K, (b) T=100 K and (c) T =150 K. 
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B. Comparison with experiment 
In the following, the mobility is calculated for  the  
samples of Refs.[7, 12, 23] and  detailed comparison is 
made with the experimental data. In order to obtain a better 
agreement with the experimental results we vary D, in the 
acoustic phonon limited mobility, which is in the range 10-
30 eV [31, 42]. In the samples of Refs. [7, 12, 23],  the  very 
low temperature  mobility /resistivity is governed by the 
impurity scattering. It is found to be nearly independent of 
the  temperature and is  called the residual mobility µI 
/resistivity ρI. We have used the observed residual mobility 
together with the calculated µph to obtain agreement 
between the theoretical resultant mobility µT = (µI
-1
 + µph
-1
)
-1
 
and the experimental data. 
 In Fig. 4a,  we have presented the calculated µT, 
with the screened ap and op coupling,  as a function of 
temperature for the sample of Cao et al. [12],  and compared 
with their experimental data.  In the sample of Cao et al.,  
the residual mobility is µI =1.87x10
5
 cm
2
/ V- s at 4.0 K. In 
the low temperature  region, the  observed mobility is nearly 
constant and then decreases with increasing T. Also, ne is 
very slowly decreasing (1.73 -1.57x10
18
 cm
-3
) with 
increasing T.  We have calculated µph,  using these electron  
densities at different T,  and obtained the resultant mobility 
µT.  The curves are shown for D= 5, 10, 15 and  20 eV. The 
µT with D= 20 eV is much smaller than the observed 
mobility in the entire range of T. The µT curves with D= 10 
and 15 eV are  in reasonably good  agreement with the 
experimental data  for T<  ~ 40 K, where µap is dominant in 
µph.  In the higher T ( > ~ 50 K ) region the calculated values 
are about 1.2- 1.5 times smaller than the experimental 
values. Further reducing the   value of D  (say up to 5 eV) 
does not help to obtain better agreement at higher T region 
as µap is  less significant  compared to µop in this region. 
Secondly, the choice of D= 5 eV is found to  over estimate 
the calculated mobility in low temperature region where ap 
scattering is dominant. In Fig 4b, the calculated mobility µT 
with ap (op) coupling screened (unscreened), is shown  
along with the experimental data. There is a good agreement 
between  the theoretical  and experimental values for T < ~  
30 K with D= 15 eV. However, for T > ~ 50 K, the 
experimental values are about 1.5-2.0 times greater than the 
calculated values. We observe  that the screened op  
scattering improves the agreement with the experimental 
values in the higher temperature region to some extent, as 
the  µop  enhances significantly due to the screening. 
The theoretical calculations of µT, with the 
screening of ap and op scattering, as a function of  
temperature are presented for the sample of Pariari  et al   
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FIG. 4. Mobility as a function of temperature for the sample of 
Ref.  [12]. (a) Screened electron acoustic and optical phonon 
interactions and (b) screened electron-acoustic phonon and 
unscreened electron-optical phonon interactions 
 [23]  and compared with their experimental data in Fig 5a. 
Their measurements are ρ as function of T (2-350 K) for the 
sample with  ne = 6.8 n0, and  having the residual resistivity 
ρI =70.612 µΩ-cm  and residual mobility µI = 1.3 × 10
4
 cm
2
/ 
V- s at 2 K. We have converted their experimental ρ values 
into mobility using  µ =1/(neeρ). Although the experimental 
data is shown by a continuous curve in Ref.[23], we  have 
chosen sufficiently good number of experimental values for 
comparison.  Calculated values of µT are shown for D=20, 
25, 30  and 35 eV. The µT values with D = 30 eV are in 
good agreement with  the experimental values in the 
10 
 
temperature region T <  ~100 K and are larger in the region 
T > ~100 K. On the other hand, the µT values with D = 35 
eV are reasonably agreeing with  the observed values for  
~70 K < T<.~200 K.  µT with D = 35 eV underestimates the 
theoretical values for T< ~ 50 K and overestimates for T > 
200 K.  
In Fig. 5b, the  µT curves with the unscreened op 
scattering  are shown for D =20, 25 and 30 eV. The µT 
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FIG. 5. Mobility as a function of temperature for the sample of 
Ref.  [23]. (a) Screened electron acoustic and optical phonon 
interactions and (b) screened electron-acoustic phonon and 
unscreened electron-optical phonon interactions 
 
curve with D = 30 eV is agreeing with the experimental 
values for T < ~200 K, and is marginally larger for T > ~ 
200 K.  
 He et al. [7] have measured resistivity as a function 
of temperature, at zero magnetic field,  in a sample with ne ≈ 
5.3 n0. They observe  a very flat curve for T < 10 K with a 
residual resistivity 28.2 μΩ-cm and metallic behavior for T 
> 10 K. We have converted their resistivity data to mobility. 
By taking residual mobility µI = 4.18x10
4
 cm
2
/V-s, we have 
calculated mobility µT as a function of temperature  and 
compared it with the experimental data in Fig. 6. Our 
calculations are presented with the screened ap and op 
coupling for D = 10, 15 and 20 eV. We find a good 
agreement between theoretical and experimental values for 
D= 15 eV. We also note that, the curve due to D = 20 eV is 
equally closer to the experimental points but for the region 
of T < ~ 30 K. 
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 FIG. 6. Mobility as a function of temperature for the sample of 
Ref.  [7] for the screened electron acoustic and optical phonon 
interactions. 
 
 In the experimental data of Ref. [13], the residual 
resistivity is observed  for T<  6 K, and at  this temperature 
the observed  ρI (11.6 nΩ-cm) is giving a very large value of 
μI ~1x10
 8
 cm
2
/V-s . At T ~10  K, we find  a large µ = 
1.78x10
7
 cm
2
/V-s  from their measured ρ.  Our calculated  
µap (with screening) at T=10 K,  for ne =5.86 n0 (estimated 
from the SdH oscillations) also gives a large value 1.0 
(0.26) x10
7
 cm
2
/V-s  for D= 5 (10) eV. Screened µap for D = 
5 eV is little closer to the observed value but still about 1.8 
times smaller. However, for  T > ~10 K,  the experimental 
data shows  1/T  behavior, which is satisfied by only µap, 
where as calculated µph ~ T 
-γ
 with
 γ ~ 1.5-2.0. We would 
like to point out that,   in a recent work [Ref.44], the authors 
have used hypothetical  temperature dependent mobility  
relations µap
-1
 = A1×T  
3/2
  and µop
-1
 = A2×Nq,  corresponding 
to a non-degenerate 3DEG [41], to explain their mobility 
11 
 
data of 3DDS Cd3AS2, in the range 20-350 K, for the 
sample  with ne ~10 n0. These relations are contrary to our 
predictions µap
-1
 ~T   and µop
-1
 ~ (θ /T )[Nq(Nq +1)] for the  
large electron density 3DDS Cd3AS2. The behavior of the 
resultant phonon limited mobility,  in our model, gives µph
-1
 
~ T 
γ
 with γ=1.5-2.0.  
In view of the above discussed comparisons 
between the theoretical and experimental results, we believe 
that more exclusive measurements of the intrinsic mobility 
with  T and ne dependence  may throw more light on the  
understanding of el-ph interaction. 
 In the following, we would like to make a few  
remarks. Our simple theoretical model of el-ap coupling via 
deformation potential and el-op coupling due to Frohlich 
interaction with one optical  phonon branch,  although there 
can be many optical branches,  is  providing  analytical 
results  for the mobilities, and giving   good agreement  with 
the  experimental results. In the absence of any other 
experimental work on el-op coupling strength in 3DDS 
Cd3As2, we have used the simple model of earlier work in 
Cd3As2 semiconductor [42] with modification. Possible 
reason for achieving  good agreement with only one optical 
branch is  that the LO phonon coupling via Frohlich 
interaction, among all other possible optical phonon 
contributions,  may be stronger and dominant.  It may be 
noted that in SnSe, scattering by the highest LO phonons, 
amongst many optical branches, is shown to be  dominating 
the mobility [45]. The success of our present  analytical  
theory lies in explaining the observed mobility with only 
deformation potential constant as a fitting  parameter.   
 We point out that, to improve future calculations, 
the  first principles calculations using  a density functional 
theory (DFT) formalism (e.g., see Refs. [46,47]) can be 
applied to obtain the electronic band  structure,  phonon 
dispersion and el-ph coupling matrix elements for all 
phonon branches.  The  el-ph couplings, thus obtained,  can 
be used as inputs in the Boltzmann transport equation to 
calculate the phonon limited mobility. These first principles 
calculations using DFT formalism may also address the 
anisotropy of electron band dispersion. Our mobility 
calculations with the simple isotropic band structure, still 
giving good agreement with the experimental results, may 
be closer to the geometric mean mobility [10]. It may also 
indicate that the band structure is nearly isotropic [3]. 
 
IV. SUMMARY 
The electron mobility  due to acoustic µap and optical µop 
phonon scattering is studied theoretically as a function of 
temperature T and electron  density ne in a relatively high 
electron density 3DDS Cd3As2. Screening of electron-
phonon interaction is found to enhance mobility 
significantly.  In the Bloch-Gruneisen regime, the 
temperature dependence of acoustic-phonon limited 
mobility is  µap-BG ~ T 
-9
 (T 
-5
) and the electron density 
dependence is µap-BG ~ ne
5/3 
(ne
1/3
)  for the screened 
(unscreened) el-ph interaction.  In the equipartition regime,  
µap-EP ~ T 
-1
 and ne
 -1
, and µop ~ (T/θ)/[Nq(Nq +1)] and ne
 -1/3
, 
where Nq is the optical phonon distribution function. These 
differing T and ne dependencies have led to the crossover of 
µap and µop. At a given T, mobility can be enhanced by 
tuning ne. Our theoretical values are compared with the 
recent experimental results. By varying only the acoustic 
deformation potential constant, in the range 10-30 eV, a 
reasonably good agreement is obtained. In conventional 
highly degenerate 3DEG, the T dependence is found to be  
the same as in 3DDS. However, the ne dependence differs 
with µap-BG ~ ne
5/3 
(ne) with (without) screening and  µap-EP ~ 
ne
 -1/3
 and µop ~ ne
 1/3
. We suggest that the ne dependent 
measurements of the mobility in disorder free samples may 
be exploited to identify the Dirac phase of the electrons in 
Cd3As2. 
 
Table I: Table showing the temperature T and electron density  ne dependence of  the μap and  μop in BG and  EP regime. In 
this table fop(T)= (T/θ)[Nq(Nq+1)]
-1
, where θ = ћωo/kB. 
 
μ BG  regime EP regime 
3DDS 3DEG 3DDS 3DEG 
μapscr 
μapunscr 
T 
-9
 
T 
-5
 
ne
5/3 
ne
1/3 
T 
-9
 
T 
-5 
ne
5/3 
ne 
T 
-1 
T 
-1 
ne
-1 
ne
-1
 
T 
-1 
T 
-1
 
ne
-1/3 
ne
-1/3
 
µop N A fop(T) ne
-1/3
 fop(T) ne
1/3
 
 
  
12 
 
References 
1. Z. J. Wang, Y. Sun, X. Q. Chen, C. Franchini, G .  
Xu, H. M. Weng,  X. Dai and  Z. Fang, Phys. Rev. B 
85, 195320 (2012).  
2.  Z. Wang, H. M. Weng, Q. S. Wu, X. Dai,  and Z. 
Fang,  Phys. Rev. B  88, 125427  (2013). 
3. S. Borisenko, Q. Gibson, D. Evtushinsky, V. 
Zabolotnyy, B. B¨uchner, and R. J. Cava,  Phys. Rev. 
Lett. 113, 027603 (2014).  
4.  Z. K. Liu, J. Jiang, B. Zhou, Z. J. Wang, Y. Zhang, 
H. M. Weng, D. Prabhakaran, S-K. Mo, H.  Peng, P. 
Dudin, T. Kim, M. Hoesch, Z. Fang, X. Dai, Z. X. 
Shen, D. L. Feng, Z. Hussain and Y.  L. Chen, Nat. 
Mater. 13, 677 (2014). 
5.  M. Neupane, S.-Y. Xu, R. Sankar, N. Alidoust, G. 
Bian, C. Liu, I. Belopolski, T.-R. Chang, H.-T.    
Jeng, H. Lin, A. Bansil, F. Chou, and M. Z. Hasan, 
Nat. Commun. 5, 3786 (2014). 
6. S. Jeon, B. B. Zhou, A. Gyenis, B. E. Feldman, I. 
Kimchi, A. C. Potter, Q. D. Gibson, R. J. Cava, 
A.Vishwanath, and A.Yazdani, Nat. Mater., 13, 851 
(2014).  
7. L. P. He, X. C. Hong, J. K. Dong, J. Pan, Z. Zhang, J. 
Zhang, and S. Y. Li, Phys. Rev. Lett. 113, 246402 
(2014).  
8.  Z. K. Liu, B. Zhou, Y. Zhang, Z. J. Wang, H. M. 
Weng,  D. Prabhakaran, S.-K. Mo, Z. X. Shen,     Z.  
Fang, X.  Dai, Z. Hussain, and Y. L. Chen, Science  
343, 864  (2014). 
9. A. Narayanan, M. D. Watson, S. F. Blake, N. 
Bruyant, L. Drigo, Y. L. Chen, D. Prabhakaran, B. 
Yan, C. Felser, T. Kong, P. C. Canfield, and A. I. 
Coldea, Phys.Rev.Lett.114, 117201 (2015). 
10. T. Liang, Q. Gibson, M. N. Ali, M. Liu, R. J. Cava  
and N. P. Ong, Nat. Mater. 14, 280 (2015). 
11.  J. Feng, Y. Pang, D. Wu, Z. Wang, H. Weng, J. Li, X.       
 Dai, Z. Fang, Y. Shi  and L. Lu, Phys. Rev. B 92,  
 081306 (2015).  
12.  J. Cao, S.Liang, C.Zhang, Y. Liu, J. Huang, Z. Jin, Z.-  
 G. Chen, Z. Wang, Q. Wang, J. Zhao, S. Li, X.    Dai,   
 J. Zou, Z. Xia, L. Li and F. Xiu, Nat Commun. 6,  
 7779 (2015). 
13.  Y. Zhao, H. Liu, C. Zhang, H. Wang, J. Wang, Z. Lin,   
 Y. Xing, H. Lu, J. Liu, Y. Wang, S. M.        
 Brombosz, Z. Xiao, S. Jia, X. C. Xie, and J.       
       Wang, Phys. Rev. X 5, 031037 (2015). 
14. H.  Li,  H. He,  H.-Z. Lu ,  H. Zhang,  H. Liu,  
 R.Ma, Z. Fan, S.-Q. Shen and J. Wang, 
       Nat.  Comm.  7,  10301 (2016).  
15.  W. Hongming, D. Xi, and F. Zhong, J. Phys.:        
       Condens. Matt. 28, 303001 (2016).  
16.   C. Zhu, F. Wang, Y. Meng, X. Yuan, F. Xiu, H.      
       Luo, Y. Wang, J. Li, X. Lv, L. He, Y. Xu, Y. Shi,   
       R. Zhang  and S. Zhu, Nat. Commun. 8, 14111     
       (2017). 
17. W. Lu,  S.  Ge, X.  Liu, H. Lu, C.  Li, J. Lai, C. Zhao, 
Z. Liao, S. Jia and  D. Sun, Phys. Rev. B  95, 024303  
(2017). 
18. Q. Wang, C.-Z. Li, S. Ge, J.-G. Li, W. Lu, J. Lai, X. 
Liu, J. Ma, D.-P. Yu, Z.-M. Liao, and  D. Sun, Nano 
Lett. 17, 834 (2017). 
19. C.  Zhu, X.  Yuan, F. Xiu, C.  Zhang, Y.  Xu, R.  
Zhang, Y.  Shi  and F.  Wang,  Appl. Phys. Lett.   
111, 091101 (2017). 
20. H.W. Wang, B. Fu, and S. Q. Shen,  Phys. Rev. B 98, 
081202(R) (2018). 
21. H. H. Wang, X. G. Luo, W. W. Chen, N. Z. Wang, B. 
Lei, F. B. Meng, C. Shang, L. K. Ma, T. Wu, X. Dai, 
Z. F. Wang and  X. H. Chen, Sci.  Bull.,   63, 411 
(2018). 
22. V. Könye and M. Ogata,  Phys. Rev. B 98, 195420 
(2018). 
23. A. Pariari, N. Khan, R. Singha, B. Satpati, and P. 
Mandal, Phys. Rev.  B 94, 165139 (2016). 
24. T. Zhou, C.Zhang, H. Zhang, F. Xiu and Z. Yang, 
Inorg. Chem. Front., 2016, DOI: 
10.1039/C6QI00383D  
25. C. Zhang, T. Zhou, S. Liang, J. Cao, X.Yuan, Y. Liu, 
Y. Shen, Q. Wang, J. Zhao, Z. Yang, and F. Xiu, 
Chin. Phys. B 25,  017202 (2016). 
26. Z.-G. Chen, C. Zhang, Y. Zou, E.Zhang, L. Yang, F. 
Xiu and J. Zou, Nano Lett., 15,  5830   (2015). 
27. E.  Zhang,  Y.  Liu, W. Wang,  C. Zhang,  P.  Zhou,  
Z.  Chen, J.  Zou and F. Xiu, ACS Nano 9, 8843 
(2015). 
28. C. P. Weber, E. Arushanov, B. S. Berggren, T. 
Hosseini, N. Kouklin, and A. Nateprov, Appl. Phys. 
Lett. 106, 231904 (2015). 
29. C. P. Weber,  B. S. Berggren, M. G. Masten, T. C. 
Ogloza, S. Deckoff-Jones, J. Madéo, Michael K.  L.       
Man,  Keshav M. Dani, L. Zhao, G. Chen,  J. Liu, Z.       
Mao, L. M. Schoop, B. V. Lotsch,  S. S. P.   Parkin, 
and M. Ali, J. Appl. Phys.122, 223102 (2017). 
30. S. Das Sarma, E. H. Hwang  and H. Min, Phys. Rev.  
B 91, 035201 (2015). 
31. R. Lundgren and G. A. Fiete, Phys. Rev. B 92, 
125139 (2015). 
13 
 
32. K. S. Bhargavi and S. S. Kubakaddi, Phys. Stat.  Sol.  
(RRL)  10, 248 (2016). In this paper a typo error ρπ2 
to be deleted in the denominator of  Eq.(1).  
33. S S Kubakaddi, J.Phys.: Condens. Matter 27, 455801 
(2015).  
34. S. S. Kubakaddi, J. Appl. Phys. 119, 195701 (2016). 
35. S. S. Kubakaddi and Tutul Biswas, J. Phys.: 
Condens. Matter  30, 265303 (2018).  
36. J M Ziman, Principles of the Theory of Solids, 
(Cambridge University Press, 1972). 
37. B. R. Nag, Electron Transport in Compound 
Semiconductors, Springer Series in Solid State 
Sciences (Berlin:Springer, 1980), vol. 11. 
38. T.  Kawamura and S. Das Sarma  Phys. Rev. B 45 
3612 (1992). 
39. S. S. Kubakaddi,  Physica B 521 158 (2017). 
40. B. K. Ridley, Quantum Processes in Semiconductors, 
2nd edition, Oxford science Publications, ( Clarendon 
Press, Oxford, 1988). 
41. K. Seeger, Semiconductor Physics: An Introduction, 
Springer Series in Solid State Sciences, 9th ed. 
(Springer-Verlag, Berlin Heidelberg, 2004). 
42. J. P. Jay-Gerin, M. J. Aubin and L. G. Caron,  Phys. 
Rev. B 18, 4542 (1978). 
43. J. Weszka, Phys. Stat. Sol. (b)  211, 605 (1999).  
44. Y. Zhang, C. Zhang, H. Gao, Y.Liu, X. Liu, F. Xiu, 
and X. Kou, Appl. Phys. Lett. 113, 072104 (2018). 
45. J. Ma, Y. Chen and W. Li, Phys. Rev. B 97, 205207 
(2018). 
46. K. Kaasbjerg, K. S. Thygesen, and K. W. Jacobsen , 
Phys. Rev.B  85, 115317 (2012). 
47. X. Li,  J. T. Mullen, Z. Jin, K. M. Borysenko,  M. B. 
Nardelli, and K.  W. .Kim, Phys. Rev. B 87, 115418 
(2013).
 
 
 
 
 
 
 
 
